CdS thin films were prepared by chemical-bath-deposited method and the effect of temperature and time on the properties of CdS thin films was studied. Independent of the deposited temperature, the growth was mainly controlled by the ion-by-ion growth mechanism at the beginning of the film deposition, then the cluster-by-cluster mechanism came to be dominant. The growth rate increased faster with the increasing of temperature until the thickness reached the limitation, then thickness instead become thinner. The scanning electron microscope results revealed that the morphology of the CdS film changed from pinholes to rough, inhomogeneous surface with increasing deposition time and deposition temperature. The Xray diffraction results showed the film structure was a mixture of two phases: hexagonal and cubic, and it was very important to controll deposition time to the film's crystal phase. All films in depth of approximate 100 nm existed above 65% transmittance, the absorption edge became "red-shift" with temperature rising. At 60 and 70
I. INTRODUCTION
CdS polycrystalline thin-films have a very wide range of applications, especially in CuIn x Ga 1−x Se 2 (CIGS) and CdTe thin-film solar cells, respectively as buffer layer and window layer materials [1, 2] . In addition, it was reported that they are also used as electroluminescent materials [3] , field-effect-transistors [4] , and light emitting diodes [5] . Regarding the fabrication of these films, a variety of techniques have been developed, such as electrodeposition [6] , spray pyrolysis [7] , vacuum evaporation [8] , and chemical bath deposition [9] . Of all these methods, chemical bath deposition (CBD) has proved to be simple, inexpensive, and closeto-room-temperature that provides uniform large area thin films [10] . Currently, the most efficient CIGS thinfilm solar cells, produced by national renewable energy laboratory (NREL), were still using the CBD technique to fabricate the buffer materials CdS thin films [11] .
The main requirements for as-prepared CdS films as the buffer layer of the CIGS or CdTe solar cell have been listed as follows [12−14] : (i) The band gap value of the buffer materials should be as large as possible, but the buffer layer and absorption layer conduction band * Author to whom correspondence should be addressed. E-mail: cfzhu@ustc.edu.cn edge offset values to be the appropriate, (ii) the film thickness should be suitable. Too thick films lead to the reduction of the photon into the absorb layer, while too thin, it's hard to synthesize smooth films with few pinhole, (iii) in the interface the lattice should match as possible as it can be, and reducing the defects, and (iv) good electrical conductivity and optical conductivity. As far as we know, it's still difficult to fabricate those excellent CdS polycrystalline thin-films to meet the needs for solar cell by this method of CBD. In this work, the influence of the deposition temperature and deposition time have been systemically studied.
Deposition of CdS films by CBD is based on the slow release of Cd 2+ and S 2− in an aqueous bath and the subsequent condensation of these ions on substrates. The main deposition parameters include the temperature, pH value, reactant concentration, composition of the solution, and time. From the microscopic point of view, it mainly relates to the two film growth mechanisms, ion-by-ion and cluster-by-cluster [15] , the two different growth mechanism affects the properties of the fabricated film. The ion-by-ion mechanism yields a dense material and a well-adherent film with a hexagonal or mixed hexagonal and cubic structure, while the clusterby-cluster mechanism yields porous material and less adherent films with pure cubic structure, but these criteria are controversial [14] . In the process of depositing the thin films, the two growth mechanisms exist at the same time, and compete in different conditions. In this work, the influence of different conditions based on the two growth mechanisms is also given.
II. EXPERIMENTS
According to the date reported in Refs. [12, 16, 17] , we deposited the CdS polycrystalline thin films on 25 mm×75 mm glass substrates from a chemical bath containing 20 mL 15 mmol/L cadmium sulfate (3CdSO 4 ·8H 2 O), 10 mL 1.5 mol/L thiourea (H 2 NCSNH 2 ), 25 mL 25%−28% ammonium hydroxide (NH 4 OH) and 150 mL deionized water. Before the deposition, the glass substrates were cleaned in acetone and methanol ultrasonically, and then rinsed with deionized water, and subsequently dried by argon. The beaker containing mixed solution was placed in the water bath tank with a magnetic force after the water bath temperature reached the set temperature value. The glass substrate was then kept vertically in the beaker and we began to count the deposited-time. The bath was maintained under constant stirring during deposition. The temperature were regulated from 60
• C to 90
• C. At each temperature, we got several samples that deposited under different deposited-time. After deposition, the CdS film was washed with distilled water to remove the loosely adhered CdS particles on the film and finally dried in argon.
The films morphology of surface and cross section was observed using field emission scanning electron microscope (FESEM). The structure of the films was analyzed by the X-ray diffraction (XRD). Optical transmission measurements have been done at room temperature with unpolarised light at normal incidence in the wavelength range from 300 nm to 1200 nm.
III. RESULTS AND DISCUSSION

A. Growth rate of films
In our work, we used the FESEM to measure the thickness of CdS thin film. Figure 1 is the cross scanning electron microscope (SEM) micrograph of film deposited at 90
• C for 15 min. It indicates that the films have certain homogeneity. Figure 2 shows the thickness of CdS films as the function of deposited-time at different temperature. As we can see, the saturated thickness of thin films decreased as the deposited temperature increasing. And also the growth rate increased faster with the increasing of deposited temperature until the thickness reached the limitation, then film instead become thinner.
Moualkia's group tried to set forth the growth process by using the Arrhenius plot [14] . Two activation energies were found and applied to the two growth mechanism. They speculated that the ion by ion process is spontaneous and then less thermally activated, the cluster by cluster process need high temperature. According to O'Brien's views [15] , the cluster by cluster occurs in the solution, while the ion by ion is on the substrate. As our point of view, independent of the deposited temperature, at the beginning of the film deposition, the growth is mainly controlled by the ion-by-ion growth mechanism, and then performs the cluster-bycluster mechanism which comes to be dominant with the deposited time. In our experiment, we found that it was very hard to get the CdS thin films if the substrate was put into the solution after the bath became turbid. This fact inspired us a new perspective that the ion-by-ion mechanism produce the nucleation point on the substrate, which is necessary for the cluster-bycluster mechanism to grow the films, and plays a role just as the seed crystal [18] . Figure 3 illustrates the SEM micrographs of the CdS thin films grown at 60, 70, 80, and 90
B. Films morphology
• C, the deposited time 15 min. These micrographs reveal that there are a little pinholes in the film when T ≤70
• C; however, if T ≥80
• C, the films are very dense and even some particles agglomerated resulting in protrusion. Figure  4 shows the SEM surface morphology of CdS thin film deposited at 80 • C. Lots of light spot from the picture are deemed to be the agglomeration of CdS nanoparticles.
Based on the results of SEM micrographs, we speculate that at low temperature it's very difficult to get dense film deposited in few time. Whereas, it's easy to deposit dense films at high temperature (T ≥80
• C); however, these films display a rather rough, inhomogeneous surface with overgrowth grains. This observation was also reported by many other researchers [19, 20] .
C. Structural characterization
The XRD patterns of the deposited films at different temperatures for 30 min are shown in Fig.5 . All the grown films have some amorphous component and the structure is a mixture of two phases: hexagonal and cubic. The diffraction patterns show an intense peak located at 26.7
• , which corresponds to the (002) plane of hexagonal or the (111) • , and 52.4
• . The peaks of hexagonal and cubic structure have so many similar positions, making it difficult to conclude the crystal structure. However, at 60 and 90
• C, the presence of the positions at 43.5
• and 24.5
• assigned, respectively, to the (100) and (110) reflections planes of hexagonal, which suggested it's more likely that the structure of films is predominantly cubic at 70 and 80
• C. Moreover, at 70
• C, the films have the best crystalline with the cubic phase.
It was reported that the ion-by-ion mechanism produced CdS thin films with a hexagonal or mixed hexagonal and cubic structure. However, the cluster-by-cluster mechanism yielded films with a pure cubic structure [14] . According to the analysis to the film growth rate, when T ≤70
• C, the ion-by-ion mechanism is dominant, the cluster-by-cluster is predominant at T ≥80
• C for deposited time of 30 min. Results agree well with the XRD results. At 60
• C, the film structure is obviously mixed hexagonal and cubic phase, while T ≥70
• C, the cubic phase is dominant. But at 90
• C, the depletion of surfaced film made the cubic phase slightly lower [16, 21] .
D. Optical properties
The optical transmittance of the films in depth of approximate 100 nm deposited at different tempera- ture were investigated from the transmission measurement in the range of 300−1200 nm. Figure 6 shows the UV-Vis transmittance spectra. As we know, the thickness of CdS films is between 50 and 100 nm being used as the buffer materials [22] . Figure 6 shows transmittance reduces with the rise of deposited-temperature, although the thickness increases from 78.3 nm at 60 • C to 99.8 nm at 90
• C, which is well consistent with the reports of Liu [23] . The pinholes reduction can mainly ascribe to this phenomenon. All films exhibit high optical transmittance about 65% in the range of wavelengths above 525 nm, and the absorption edge was between 480 and 540 nm for all films and became "redshift" with temperature rising.
Another observation about these transmission spectra is that there is sharp peak in transmission deposited at 80
• C, which may be due to the best crystalline of CdS film. The appropriate deposited time for the film deposited at 80
• C can get good crystalline of films.
E. Energy band gap analysis
The energy band gap can be calculated by the Urbach relation [24, 25] :
where A is a constant, n is taken as 1/2 for direct band gap materials or 2 for indirect band gap materials, E g is the energy band gap, α is the absorption coefficient and hν is the photo energy. Through transmittance spectra, we got the direct energy band gap of CdS thin films in depth of approximate 100 nm deposited under different temperature. Figure 7 shows the direct band gap of nanocrystalline CdS thin films under different deposited-temperature and time. It was found that at 60 and 70
• C, with 20 min deposited-time, E g was more than 2.42 eV and decreased with time; while at 80 and 90
• C, E g was less than 2.42 eV and increased little when the time changed from 10 min to 15 min at 80
• C. The change of direct band gap of CdS thin films is available from the following two aspects to explain. At 60 and 70
• C, 20 min deposited time, the film growth is mainly controlled by ion-by-ion mechanism which produced the hexagonal structure films (2.42 eV direct band gap [26] ). Nanomaterial size effect [27] , caused the direct band gap to be more than 2.42 eV, with sedimentary time increasing, nanoparticles grew, band gap corresponding decreased. At 80 and 90
• C, 10 min deposited time, the cluster-by-cluster mechanism was dominant which produced the cubic structure films with direct band gap of body materials less than 2.42 eV [28] , in addition, the effect of depletion weakened cubic phase with time from 10 min to 15 min at 80
• C.
IV. CONCLUSION
Properties of CdS thin films fabricated by CBD method under different deposited temperature and time were studied. The film growth rate, SEM morphology, XRD structure, and optical transmittance as well as the change of direct band gap were discussed based on two growth mechanisms. SEM results reveal that the morphology of the CdS film changed from pinholes to rough, inhomogeneous surface with longer deposition time and higher deposition temperature. The growth was mainly controlled by the ion-by-ion growth mechanism at the beginning of the film deposition, then the cluster-bycluster mechanism came to be dominant. Due to the two growth mechanisms: ion-by-ion and cluster-bycluster, which produced different properties of CdS thin films, it's important to control the deposited-time at fixed temperature. All films in depth of approximate 100 nm existed above 65% transmittance; the absorption edge became "red-shift" with temperature rising. At last, the energy bandgap change is analyzed based on the two growth mechanisms. 
